ABSTRACT: Acclimated and acute rates of oxygen consumption of the American oyster Crassostrea virginica (Gmelin) were measured under 9 salinity-temperature combinations during declining oxygen tensions. In acclimated and non-acclimated individuals the basal rate of oxygen uptake increased significantly with each 10 C" rise in temperature. Multiple regression equations relating exposure and experimental temperatures and salinities to VO, indicated: (1) as acclimation salinity decreased, the effect of exposure temperature became more pronounced; (2) as acclimation salinity decreased, the effect of exposure salinity decreased; (3) as acclimation temperature increased, the effect of exposure salinity decreased; (4) as acclimation temperature increased, the effect of exposure temperature increased. There is little or no evidence for temperature acclimation even after 3 wk. Q,, values for warm acclimated oysters were generally higher than those of cold adapted oysters with the exception of individuals acclimated at a salinity of 7 %o S and exposed to 28 %O S. At any experimental salinity the highest Q,,, values were observed between 20 and 30°C. C. virginica is well able to regulate VO, when exposed to declining oxygen tensions at all temperature-salinity combinations tested; this capacity decreased considerably at all test temperatures in oysters acclimated tq 7 % S. There is no clear pattern of response between exposure conditions and ability to regulate VO,; the degree of regulation decreases with increasing temperature and/or decreasing salinity. The results indicate that the respiratory physiology of C. virginica is highly adapted to life in a fluctuating environment.
INTRODUCTION
While the American oyster Crassostrea virginica (Gmelin) is widely distributed and commercially important, there have been few studies dealing with its physiological adaptation to the environment. Living in estuarinehntertidal habitats, C. vjrginica is subject to considerable environmental variation. While Galtsoff (1964) reports that the favorable salinity range falls into 2 zones, 18 to 30 960 S and 5 to 18 %O S, C. virginica has been reported in salinities as low as 2 to 8 S (Loosanoff and Smith, 1949; Gunter, 1955; Wells, 1961) . Both temperature and ambient oxygen concentration are highly variable in estuarinehntertidal habitats.
When assessing the physiological consequences of environmental variation, a traditional experimental approach has been to vary one factor while holding others as constant as possible. However, the effect of any single environmental variable does not realistically reflect the natural environment. The combined action of several factors produces a far greater effect O Inter-Research/Printed in F. R. Germany than that caused by any single factor (Galtsoff, 1964) but it is experimentally more difficult to establish meaningful relationships between the physiological effects of several environmental factors than it is to monitor tolerance levels to specific environmental variables.
The importance of the multifactor approach has been emphasized in discussions by Kinne (1964 Kinne ( , 1971 and Alderdice (1972) . Still, there are few studies dealing with the combined effects of salinity, temperature and oxygen concentration on oxygen consumption in molluscs. Newel1 et al. (1978) and Hawkins and Ultsch (1979) studied the combined effects of temperature and declining oxygen tension on oxygen uptake, Bayne (1971) and Shumway (1981) the combined effects of salinity and declining oxygen tension. To date, only Shumway and Marsden (1982, in press) have studied the combined effects of temperature, salinity and declining oxygen tension simultaneously with respect to their effect on oxygen consumption. All of these studies have demonstrated that environmental factors acting in consort yield different responses as compared with the same factors acting independently. Several studies on oxygen consumption of oysters have appeared (see Discussion for citations), but a clear picture as regards oxygen uptake under various environmental conditions has yet to emerge. The present study was undertaken in an effort to determine which physiological characters assist oysters to adapt to the diverse environmental conditions in which they are found.
MATERIALS AND METHODS
Small specimens (approximately 2 to 50 mm shell height) of Crassostrea virginica were obtained from the Long Island Oyster Farms where they had been kept in a 'heat pond' (annual temperature range 0 to 35°C) in submerged racks at approximately 28 960 S. Although the shells of such small oysters are relatively free from encrusting or commensal organisms, they were routinely scrubbed clean. Oysters were subsequently maintained in the laboratory for 2 to 3 wk without food in 'Instant Ocean' aquaria at various temperature/ salinity combinations prior to use in experiments; thus it is the standard or basal metabolic rate reported here. During this time there was no mortality.
Oxygen uptake of individual oysters was measured using a Radiometer oxygen electrode in a closed system (Taylor and Brand, 1975a, b; Crisp et al., 1977; Shumway, 1981) . External PO2 was not allowed to drop below 80 % saturation unless that was the specific aim of the experiment, i.e. 00, was always measured within the range of oxygen-independence. Tissue dry weights were determined by oven drying for 24 h at 60°C. In experiments to determine the effect of body size on oxygen consumption, oysters in the size range 0.03 to 0.7 g dry flesh weight were used. In all other experiments oysters of a similar size were used (approximately 0.4 g dry weight) and the measured values for oxygen consumption transformed to that of a standard sized individual of 0.4 g using the appropriate size/oxygen uptake equation (Table l ) for the experimental salinity and temperature in question. This procedure minimized variations in the data due to weight differences between individuals.
In experiments to determine effects of salinity on oxygen uptake, 'Instant Ocean' seawater was diluted with distilled water to give the appropriate salinity. In order to determine the short-term or acute response to salinity/temperature combinations, the oysters were transferred directly from the acclimation conditions into the experimental medium. Oxygen consumption was measured after 1 h in the experimental medium to insure that the oysters were open and pumping.
During preliminary experiments it was found that handling caused the oysters to close their valves and to remain closed for extended periods. By gently placing the oysters into the respiration chambers l h prior to measurements, this problem was alleviated. According to Mitchell (1914) experimental temperature exerts a marked effect on the 'degree of openness': as the temperature increased the oysters were peristently open until approximately 26 to 27 "C. Between 27 and 30°C the oysters were slow to open, and at 30°C and above they closed the valves tightly. This response was not seen in the present study. Below about 7°C the oysters were closed or only partially open, but at or about 10°C they open most of the time. Loosanoff (1958) found that few oysters pumped below 3°C; between 8 and 16 "C pumping rates steadily increased, remaining relatively constant until 28 'C; maximum pumping rates occurred between 28 and 32 "C, distress at 34 "C. Precise data on Mitchell's collection sites are not available, but our oysters were raised in a heated pond (often 30 "C).
To determine the effects of declining oxygen tension on oxygen uptake, oysters were placed in chambers under acclimation conditions and allowed to deplete completely the oxygen available. The validity of this experimental design, in which PO, decrease is caused by oxygen consumption, has been criticized. However, Sassaman and Mangum (1972) and Taylor and Brand (1975a, b) have shown that oxygen consumption rates are unaffected by metabolite accumulation in closedchamber systems. More specifically, Galtsoff and Whipple (1931) showed that in Crassostrea virginica oxygen consumption is not affected by products of its own metabolism or to pH changes that could arise under such experimental conditions.
Analysis of Data
Mangum and van Winkle (1973) proposed that oxygen consumption is related to declining oxygen tension as:
where: R = weight specific oxygen consumption (m1 0, h-' g dry wt-l); PO2 = partial pressure of oxygen; B, = minimum rate of oxygen uptake found at very low P02; B1 = linear effect of PO2 on R ; B, = deviation from linearity of the effect of PO2 on R. The equation uses data standardized to an initial value of unity. According to Mangum and van Winkle (1973) , the quadratic coefficient, B2, may be used as index of a species' ability to regulate its oxygen consumption rate in declining oxygen tensions. The more negative the value of B2, the more oxygen independent the animal. Multiple regression equations were used to provide a concise means of describing the relationships between temperature, salinity and oxygen consumption rates under various experimental conditions. Multiple regressions were determined by the method of least squares, and the proportion of the total variance in oxygen uptake explained by individual variables was determined by analysis of variance.
The 3 dimensional diagrams relating oxygen consumption temperature and declining oxygen tension were computer-plotted using a program by F. J. Rohlf, designed to plot a surface with a halo effect on hidden lines. All analyses and graphs were done on homoscedactic means of 10 individuals. 
RESULTS
Oxygen consumption in Crassostrea virginica was measured in air-saturated seawater at 9 different temperature-salinity combinations over a 10-fold size range ( Figs. 1 and 2) . The data were fitted to the equation: 9 0 2 = awb, where 9 0 2 = oxygen consumption in m1 h-I; W = tissue dry weight in g; a = intercept; b = weight exponent. Regression data for Fig. 1 are listed in Table 1 .
At any given salinity, temperature markedly affected Fig. 3 . Crassostrea virginica. Acute rate: temperature curves for oxygen consumption following 3 wk acclimation to 9 temperature-salinity combinations. The acclimated rate is indicated on each graph (from Fig. 2 ) for comparison. A: acclimated condition; E: experimental condition the v0,. The oxygen consumption rate increased significantIy with each 10Co rise in temperature (Fig. 2) . At both 10 and 20°C, the rate of oxygen uptake increased with decreasing salinity. However, at 30°C, oxygen consumption was maximal at 14 %O S rather than 7 %O S. Values for the weight exponent b ranged from 0.370 to 0.601 (Table 1) and imply at least some surface-area dependence for oxygen uptake. These values are lower than reported for other bivalves (e.g., Dame, 1972a; Ansell, 1973; Bayne et al., 1976; Newel1 et al., 1977) . Kriiger (1960) suggested that a minimum of a 50-fold size range is needed to estimate accurately the value of b. The low values reported here most likely reflect the narrow size range of individuals used in our experiments.
Acclimation
Regression equation Table 3 . Fassostrea virginica. Multiple regression equations ture-salinity combination in individuals acclimated to relating VO, (m1 0 2 0-4 g-' h-') to acclimation (Ti, S,) and 7 Y&, S, i.e. there was no temperature compensation.
experimental (T,, S,) temperatures and salinities
Thus, acutely measured VO, is clearly dependent on temperature, but to varying degrees, regardless of acclimation conditions. Further interpretation of the complex relationship between oxygen consumption, acclimation temperature a n d salinity, and exposure temperature and salinity is difficult without the use of a multiple regression analysis. Table 3 gives multiple regression equations relating v 0 2 to acclimation and exposure temperatures and salinities. These equations illustrate: (1) as acclimation salinity decreases, the effect of exposure temperature becomes more pronounced; (2) as acclimation salinity decreases, the effect of exposure salinity descreases; (3) as acclimaAcute Response to Temperature/Salinity Change Acute effects of exposure to various temperature and salinity combinations on oxygen consumption were determined for oysters acclimated to the 9 temperature-salinity combinations ( Fig. 3; Table 2 ). These 9 equations explain 90 to 94 % of the observed variation.
Oysters acclimated to 28 Y~o S revealed an elevated rate of 0 0 2 or a translocation of the curves (Fig. 3) with the exception of individuals exposed to 2 8 % S (SE = SA), i.e. there was some temperature compensation, dependent on salinity.
Oysters acclimated to 14 % S do not exhibit such a clear response. At 20 "C they show a slightly elevated rate, at 30°C a depressed rate (especially in 28%0 S). Again, salinity exerts influence, but only at high temperatures: individuals in 28 %O S have lower v 0 2 values at 30°C than those in other salinities.
Analyses of variance indicated that there was no significant change in the level of v 0 2 at any temperation temperature increases, the effect of exposure salinity decreases; (4) as acclimation temperature increases, the effect of exposure temperature increases. The overall regression equation is:
where R = 0 0 2 (m1 0 2 0.4 g-I h-I); Ta, Sa = acclimation temperature and salinity; Te, Se = experimental temperature and salinity. This regression is significant (F4,76. = 85.64; P 0.001) and explains 91.8 % of the total variance in 902 (486 data points). The interaction terms TeSa and TaSe were negligible.
With the single exception of oysters acclimated at 7 % O S and exposed to 28%0 S, the Qio values for warum-acclimated individuals are higher than those of cold adapted individuals, when exposed to low experimental temperatures (Table 4, Fig. 2 ), indicating that some warm acclimation had occurred. At any given experimental salinity, the highest Qlo values were observed between 20 and 30 "C.
The multiple regression that relates Qlo to acclima- tion and exposure salinity and temperature, using the mean of the exposure temperature range for computation is:
where S,, T, = acclimation salinity and temperature; T, = mean of the temperature range considered; S, = experimental salinity (F,,,, = 6.7498; P < 0.001).
Although the regression is highly significant, it only accounts for 35.5 % of the variation in Q,, indicating that some other factor(s) is (are) influencing Q, , , values, possibly acclimation time, starvation or phase of gametogenic cycle.
Crassostrea for regulation wide range of

Declining Oxygen
virginica shows remarkable capabilities of its rate of oxygen consumption over a tensions (approximately 40 to 90 % saturation) in individuals acclimated to both 14 and 2 8 %~ S (Fig. 4) . However the capacity for regulation decreased considerably at all temperatures in individuals acclimated to 7 %O S; the lowest capabilities occurred in oysters exposed to 7 %O S and 20°C. The quadratic equations (see Methods and Materials), based on the standardized version of these data are given in Table 5 , and the quadratic coefficients as a function of temperature and salinity are shown in Table 6 . As can be seen, no clear pattern emerges regarding the B, values and various temperature salinity combinations, although the coefficients are clearly affected by these 2 parameters. In an attempt to correlate the capacity for regulating \fO, in declining PO, with temperature and salinity, a multiple regression was computed from the data given in Table 6 However, the line was not significant (F,,, = 1.2456).
It would appear from Table 6 that in oysters acclimated to 28 % S the ability to regulate 00, increases at 30°C; however, as can be seen from Fig. 4 , oysters acclimated to 28% S and 10°C maintain a constant 90, between approximately 20 to 90 % saturation, whereas individuals acclirnated to 28 % S and 30 "C show a marked shift from oxygen independence to oxygen dependence at approximately 40 % saturation. This apparent contradiction between the data in Fig. 4 and that in Tables 5 and 6 is due to the fact that the regulation of 00, is so complete in individuals acclimated to 28 %O S and 10°C that the data are beyond the range of applicability of the quadratic model. This probably accounts, at least in part, for absence of a significant relationship between temperature, salinity and regulatory capabilities. Thus, some caution must be used when assessing the ability of an organism to regulate oxygen consumption in declining oxygen tensions by quadratic coefficients, especially when regulation appears to be extremely good. In general, our results demonstrate that oysters acclimated to low temperature/high salinity combinations are relatively more successful at dealing with conditions of declining oxygen tension and that the degree of oxygen independence decreases with increasing temperature and/or decreasing salinity. The combined effects of temperature, salinity and oxygen tension on oxygen consumption rate are graphically represented in Fig. 5 . It is apparent that oysters acclimated at 28 D/m S show the highest suppressed response at all temperature-PO, combinations. The magnitude of the responses increases with decreasing salinity. Again, it can be seen that the ability to regulate v02 in declining oxygen tension decreases with decreasing salinity and with increasing temperature. In addition, the combined effects of temperature and salinity are more readily visible, maximum v O , values occurring in 14 %O S at 30°C, at all oxygen tensions.
DISCUSSION
There have been many studies on oxygen consumption in oysters (Mitchell, 1914; Nozawa, 1929; Galstoff and Whipple, 1931; Sparck, 1936; Pederson, 1947; Gaarder and Eliassen, 1955; Collier, 1959; Hammen et al., 1962; Galstoff, 1964; Dame, 1972a; Bernard, 1974; Newel1 et al., 1977; Rodhouse, 1978) . However, they were carried out over a wide range of experimental conditions, thus making comparisons between studies difficult. Most studies concern active or 'routine' rates of oxygen consumption (Bayne et al., 1976) and indicate a wide range of rates (approximate range = 0.01 -1.90 m1 0, h-' g dry weight -l), depending on experimental conditions.
Because the oysters used in the present study were starved, the values for VO, represent 'basal' or 'standard' rates of oxygen consumption (Bayne et al., 1976) and are therefore not directly comparable with the values of previous studies. Active and routine rates of oxygen uptake were not measured in this study, but using the data from Dame (1972b) as representing a routine rate, the basal rates reported here represent approximately 55, 34 and 65 % of the routine rates at 10, 20 and 30°C, respectively. These values are similar to those reported for Mytilus californianus (Bayne et al., 1976) where basal metabolic rate was approximately one half of the active (fed) rate.
Only Galtsoff (1964) has thus far reported effects of salinity on oxygen uptake in whole oysters. While no change in respiration rate occurred after 3 d in dilute seawater, only a narrow salinity range (31.5-24.1 YW S) was studied. In the present study, oxygen consumption rate of whole oysters increased with decreasing salinity at l 0 and 20°C, similar to results reported for isolated gill tissue (Persey et al., 1971; Bass, 1977) . At 30 "C, however, the maximum rate was at 14 %O S, a response similar to that reported for 'summer' oysters by Van Winkle (1958) . Thus, it appears that as in Mytilus edulis (Lange, 1968) , the metabolic response of Crassostrea virginica gill with respect to salinity reflects the response of intact individuals.
The metabolic response of intact oysters to temperature is not as well documented, nor do the results agree with those obtained from isolated tissues (reviewed by Shumway, 1982) . Previous studies have shown that VO, in oysters (Ostrea circumpicta, 0. edulis and C. virginica) increases steadily from approximately 10 to 25 "C with maximum 002 at ca. 25 "C; below 5 "C and above 25 "C oxygen consumption decreases rapidly (Mitchell, 1914; Nozawa, 1929; Gaarder and Eliassen, 1955) . Dame (1972a ), Newel1 et al., (1977 and the present study indicate that 90, increases with increasing temperature from 5 to 30 "C, with no evidence of a suppressed rate at 30". Newel1 et al. (1977) found no evidence of rotation or level change of the R-T curve for routine oxygen consumption in Ostrea edulis even after 70 d acclimation, conforming to Type 4 of Precht (1958) or Pattern I of Prosser (1967 Prosser ( , 1973 . In the present study, basal or standard rates of oxygen consumption were measured and Q, , , values for each acclimated group of oysters was determined for the intervals between each adjacent pair of test temperatures and varied from 1.11 to 10.00 (Table 4 ). In general, if acclimation has occurred, cold acclimated individuals have a higher PO, and a lower Qlo at lower temperatures than warm acclimated ones which show the opposite effect at the same temperature. The Qlo values reported here are not particularly low nor is there much evidence for capacity adaptation. As seen in Fig. 3 and described by the multiple regression equation, the oysters in the present study show partial (Precht Type 3) or no acclimation (Precht Type 4), depending on the temperature-salinity combination.
Since there is no evidence of capacity adaptation or acclimation in the oxygen consumption of Crassostrea virginica energy expenditure must increase with environmental temperature. Newel1 et al. (1977) reported compensatory changes in filtration rate with increasing temperature in Ostrea edulis which compensates for energy losses from metabolism; however, it remains to be seen whether C. virginica compensates in a similar fashion.
The responses of marine invertebrates to declining oxygen tension under otherwise 'normal' conditions, i. e. ambient temperature and salinity, have been investigated by several authors (see Newell, 1979 and Herried, 1980 for reviews), and animals have been characterized as oxygen conformers (VO, varies in direct proportion with PO,) or oxygen regulators (90, is more or less independent of PO2 over some range of PO,, values below air saturation). The point at which oxygen consumption ceases to be oxygen-independent and becomes oxygen-dependent is known as critical oxygen tension P,; this varies between species or individuals with temperature and/or salinity (e, g. Bayne, 1971; Newel1 et al., 1977; Hawkins and Ultsch, 1979; Shumway, 1981; Shumway and Marsden, 1982) , body size (e. g. Bayne, 1971 Bayne, , 1973 Taylor and Brand, 1975b; Shumway, 1981) , ventilation rate (Bayne, 197 1, 1973) , likelihood of experiencing hypoxia (Bayne, 1973; Murdoch and Shumway, 1980) and 'degree of openness' (Famme, 1980) . With the exception of Taylor and Brand (1975a, b) , Bayne (1971 Bayne ( , 1973 and Famme (1980) all of the above studies were carried out with gastropods. To date, no studies in which the combined effects of temperature, salinity and declining PO2 on V 0 2 have been reported for bivalves.
Previous studies (Nozawa, 1929; Galtsoff and Whipple, 1931; Gaarder and Eliassen, 1955) indicate that oysters have remarkably good capabilities for regulating VO, in declining oxygen tensions. In general, low salinity and/or high temperature appear to have the most adverse effects on 00, in declining oxygen tensions in oysters. In the only previous study combining the effects of salinity and declining PO2 in bivalve molluscs, Bayne (1973) also found that the capacity to regulate PO, in dilute seawater was somewhat reduced. In contrast with the present findings, Bayne and Livingstone (1977) found that an increase in temperature from 10 to 22 "C had no effect on the regulatory capabilities of Mytilus edulis either at air saturation or at reduced PO,.
While it has been shown here that acclimation and exposure salinity and temperature modify the effects of external oxygen tension on P O 2 in Crassostrea virginica to varying degrees, the ecological significance of the ability (or lack of it) to regulate oxygen uptake at reduced oxygen tension is not clear. It appears from studies on individual tissues, as well as intact individuals that no single explanation for the effect of environmental variables on $'o, is possible in that temperature, salinity and oxygen tension all interact simultaneously. Russell-Hunter (1974, 1977) have shown that it is the microhabitat and physiological ecology of individual species which dictates its response to declining oxygen tensions, and this appears to be the case for C. virginica as well.
The ability of Crassostrea virginica to sustain an energy gain from the environment then, appears to be accomplished at least in part by the possession of a rather 'elastic' or 'euryplastic' (Alderdice, 1972) physiology which allows them to utilize the available oxygen over a wide range of temperature-salinityoxygen combinations without resorting to anaerobiosis. They are thus well-adapted to life in fluctuating environmental conditions. 
